Background: Matrix metalloproteinases (MMP) are hypothesized to degrade structurally important components of the laminar extracellular matrix (ECM) in horses with laminitis.
T he digital laminae connect the distal phalanx to the inner hoof wall and suspend the horse's axial skeleton within the hoof capsule. The laminae are composed of interdigitated folds of keratinized epidermal and connective dermal tissue, both with interdigitated secondary projections called SEL and SDL. 1 These join at a basement membrane, which is attached by anchoring filaments to hemidesmosomes on basal epithelial cells.
2 During CHO-induced laminitis, the junction between the epidermal and dermal layers of the laminae is compromised by physiologic changes in basal epithelial cells 3, 4 and by degradation and reorganization of the abutting extracellular matrix (ECM). [5] [6] [7] The resulting partial or complete separation of the epidermal and dermal laminae frees the distal phalanx to rotate and sink within the hoof capsule causing severe pain and lameness. 8 Gelatinases (MMP-2 and MMP-9) have been a focus of interest in laminar pathophysiology for over a decade after their detection in the digital laminae of healthy horses, 9 their increase in explant medium from cultured laminae of laminitic compared to healthy horses, 10 and in the serum of horses with CHO-induced laminitis compared to healthy horses. 9 More recently, it has been shown that only catalytically inactive pro-MMP-9 is increased in laminae from horses with naturally acquired and experimentally induced (black walnut extract and CHO) laminitis 11, 12 indicating that MMP-9 does not play a decisive role in laminar injury. In addition, whereas MMP-2 gene expression is significantly increased in laminae of horses with naturally 12 and increases are not accompanied by an increase in native gelatinase activity in laminar extracts (Black, unpublished observations), or cryosections, 9 consistent with inhibition by tissue inhibitors of metalloproteinases (TIMPS). 13 Although gelatinases may not be responsible for laminar failure, their increased expression in laminitic laminae is likely to be a harbinger of dysregulation of other MMPs. We therefore hypothesized that other MMPs are involved in laminar injury and here examined possible contributions of stromelysin-1 (MMP-3), collagenases-I and -III (MMP-1 and MMP-13), and membrane type MMPs (MMP-14, MMP-15, and MMP-16) to laminar damage in CHOinduced laminitis. We focused on these MMPs because they have the potential, if increased, to destabilize the laminae by degrading ECM components that provide tensile strength (interstitial collagens), connect collagen and proteoglycan elements of the ECM to each other and to cell-associated integrins (fibronectin), form the fibrous sheet of the basement membrane (Type IV collagen and laminin), tether hemidesmosomes of epithelial cells to the basement membrane (Type VII collagen), and prevent stretch deformation of the ECM (elastin).
14, 15 We show here that genes encoding the MMPs are expressed in the laminae of healthy horses consistent with involvement of their products in dynamic modeling of laminae during normal growth and repair. Importantly, MMP-13 gene and protein expression are substantially increased in laminae of horses with CHO-induced OG3 lameness, and this increase is accompanied by the appearance in SDL of multifocal lesions that are devoid of Type I (and Type III) collagen I, fibronectin, chondroitin sulfate (CS) and keratan sulfate (KS) glycosaminoglycans and eosinstaining material. We propose that these represent gaps or tears in the ECM and arise under ambient force in regions of tissue that have been subjected to increased degradation by MMP-13.
Materials and Methods

Laminitis Induction and Tissue Collection
Laminae were harvested from 25 horses ranging from 3 to 12 years of age. All animals were thoroughly evaluated for health and gait before the start of the study. Horses were housed and cared for according to an institutionally approved protocol at the University of Missouri, College of Veterinary Medicine. Carbohydrate gruel comprised of 85% cornstarch and 15% wood flour was administered to 17 horses by nasogastric tube at 17.6 g/kg body weight, whereas 8 horses received water as a control. All horses were placed under general anesthesia at the onset of fever (developmental [DEV] group, ≥102°F, n = 6), at the onset of Obel grade I (OG1, n = 6) lameness, or upon developing Obel grade III (OG3, n = 5) lameness, and laminar tissue was collected as previously described. 14, 15 Samples for immunofluorescence microscopy were embedded in OCT medium a and frozen over dry ice, whereas samples for RNA extraction and subsequent gene expression analysis were snap frozen in liquid nitrogen. Tissue processing was completed within 5 minutes of collection from the hoof, and samples analyzed herein were collected from the right front hoof and stored at À80°C until use.
RNA Extraction
RNA was isolated from samples of snap-frozen laminar tissue using a total RNA extraction kit b according to the manufacturer's instructions. Isolated RNA was quantified using spectophotometry c and consistently yielded A260 : 280 and A260 : 230 ratios near 2.0. Integrity was confirmed by gel electrophoresis.
Real-Time Quantitative PCR
cDNA was synthesized d for n = 8 control, n = 6 DEV, n = 6 OG1, and n = 5 OG3 animals. Primer sets for MMP-1, -3, -13, -14, -15, and -16 were designed against the equine sequence or, in cases where equine sequences have not been annotated, against homologous human sequences as predicted by extensive alignment screening against the equine database (Table 1) . RT-qPCR reactions were run in triplicate using SYBR Green e according to the manufacturer's instructions. Ct values were averaged and analyzed using the DDCt method. 16 We determined the expression patterns of glyceraldehyde 3-phosphate dehydrogenase (GapDH), b actin, b2 microglobulin, and TATA Box binding Expression of these genes did not differ significantly between groups. However, expression patterns of b2 microglobulin and GapDH had the lowest variation within groups and we normalized gene expression to GapDH as previously reported. 4 All primer pairs were designed to span introns in the respective genes, confirmed to amplify a single band (Fig S1) , and the product validated by sequencing.
Protein Extraction
Approximately 0.35 g snap-frozen segments of laminae were pulverized and immediately homogenized in 10 mL of extraction buffer (50 mM Tris pH 7.0, 150 mM NaCl, 5 mM ethylenediaminetetraacetic acid, 0.5% NP-40 containing 10 lM E64, 1.5 lM pepstatin A and 1 mM phenylmethanesulfonyl fluoride) f on ice, extracted overnight, and concentrated by precipitation. Protein concentration was determined by Bradford colorimetric assay. g
SDS-PAGE and Western Blotting
An aliquot (30 lg protein content) of extract was boiled in reducing Laemmli (5 mM 2-mercaptoethanol) sample buffer, g subjected to SDS-PAGE in a 4% (w/v) polyacrylamide stacking gel with a 10% (w/v) polyacrylamide gel, and transferred to a polyvinyl membrane.
h The membrane was blocked with 5% dry milk in PBS with 0.05% Tween-20 f for 1 hour, washed with PBS with 0.1% Tween-20 for 30 minutes and then incubated with primary antibodies (Table 2 ) overnight at 4°C. After incubation with primary antibodies, the membranes were washed twice in PBS with 0.1% Tween-20 for 30 minutes and incubated with secondary antibodies conjugated with horseradish peroxidase. Detection was performed using enhanced chemiluminescence, g digitally imaged, and analyzed with associated software. i
Immunofluorescent Localization
Proteins of interest were localized in 10 lm sections of unfixed, snap-frozen laminar tissue using indirect immunofluorescence staining according to a previously described protocol. 17, 18 Briefly, after blocking with 5% bovine serum albumin in PBS with 0.001% Tween-20, tissues were incubated with primary antibodies (Table 2) for 1 hour at room temperature. Antibody specificity was validated by dot blotting (Fig S2) . After washing, sections were incubated for 1 hour at room temperature with appropriate fluorophore-conjugated secondary antibodies (Table 2 ) and counterstained with a DNA intercalating dye j to detect nuclei. Slides were imaged on an inverted fluorescent Zeiss 
Hematoxylin and Eosin Staining
Ten micrometer sections of unfixed, frozen tissue from a representative control, OG1 and OG3 animal were dehydrated in ethanol and progressively rehydrated through several changes of solution and stained with Gill's hematoxylin #3 and a 0.5% alcoholic solution of eosin Y.
f Slides were imaged on a standard light microscope.
Statistical Analysis
All gene expression and protein expression data were not normally distributed (P < .05) as determined by Column Statistics using the D'Agostino and Pearson Omnibus Normality Test. Kruskal-Wallis one-way ANOVA with Dunn's multiple comparisons test therefore was used to evaluate statistical significance. In all tests, P < .05 was considered significant.
Results
The expression of genes encoding MMP-1, -3, -13, -14, -15, and -16 was analyzed by RT-qPCR using primers described in Table 1 . Gene expression was detected in all cases in the laminae of healthy horses (Fig S1) and horses with CHO-induced laminitis (data not shown). However, expression of genes encoding only 2 of the MMPs was found to be significantly increased in laminae of the laminitic horses, namely MMP-1 ( Fig 1A) and MMP-13 ( Fig 1B) .
To determine whether increases in MMP-1 and MMP-13 gene expression are accompanied by increases in protein expression, extracts of laminae were subjected to SDS-PAGE and Western blotting. MMP-1 in extracts of laminae from healthy and laminitic horses resolved as a single polypeptide of 52 kDa corresponding to pro-MMP-1, 19, 20 and its expression was increased in the laminae of horses with OG3 lameness but not with OG1 lameness compared with that in laminae of healthy horses (Fig 2A) . Propeptide free MMP-1 was not detected in any extract under the conditions used. MMP-13 resolved as polypeptides of 61 and 48 kDa, corresponding respectively to pro-MMP-13 (61 kDa) and MMP-13 (propeptide free 48 kDa enzyme) 19, 21 in extracts of laminae from healthy and laminitic horses (Fig 2B) . Both pro-MMP-13 and MMP-13 were increased in the laminae of horses exhibiting OG3, but not OG1 lameness relative to laminae of healthy horses (Fig 2B) . MMP-13, which is stained red with specific antibody, localized to the basal epithelial cell layer in laminae of both healthy and laminitic horses (Fig 3A-C) . This MMP has wide substrate specificity, degrading Types I, III, and IV collagen, fibronectin and several other ECM components. 21 Type I collagen was distributed throughout the SDL of healthy horses (Fig 3D, control) and horses with OG1 lameness (Fig 3E, OG1) , but dispersed to the edges of the SDL in horses with OG3 lameness (Fig 3F, OG3 ) leaving the appearance of foci (example indicated by *, panel F) from which it was absent. Fibronectin exhibited a similar staining pattern as Type I collagen being widely distributed throughout the SDL in laminae of healthy horses (Fig 3G) and horses with OG1 lameness (Fig 3H) , but dispersed to the edges in some regions of SDL in horses with OG3 lameness (Fig 3I) again leaving the appearance of foci in the ECM that were devoid of fibronectin (example indi- in laminar extracts from control (n = 8), OG1 (n = 6), and OG3 (n = 5) animals. The "Box" signifies a common sample run in all 3 gels to normalize experimental variation between gels. The 52 kDa band corresponds to the proform of MMP-1 and the 61 kDa band corresponds to the proform of MMP-13 whereas the 48 kDa band corresponds to the active form of MMP-13. *Indicates P < .05; **Indicates P < .01. cated by *, panel I). The specificity of antibodies used for these stains was confirmed by dot blotting (Fig S2) . To further characterize the foci devoid of Type I collagen and fibronectin that appear in the dermal ECM of horses with OG3 lameness, laminae from healthy and laminitic horses were stained with antibodies specific for CS and KS glycosaminoglycans. These stains identified laminitis-associated dispersion of the glycosaminoglycans to the edges of the SDL in horses with OG3 lameness (indicated by * in Fig S3C,  F) . Dispersion of these components was not accompanied by a major loss of basement membrane laminin, determined by pan-laminin staining (green; Fig S3,  panel F) . Staining with H&E showed that cells of the SDL are cocooned in amorphous eosin-staining material (putatively proteinaceous material) that completely fills the SDL in healthy horses (Fig 4 A,D) , and in horses with OG1 lameness (Fig 4 B,E) , but is absent from multiple foci in the SDL of horses with CHOinduced OG3 lameness (examples indicated by * , Fig 4  C,F) , presumably corresponding to the foci devoid to collagen I, fibronectin, CS and KS glycosaminoglycans shown in Fig 3 and Fig S3. 
Discussion
We show here that genes encoding MMP-1, -3, -13, -14, -15, and -16 are expressed within the laminae of healthy horses consistent with possible involvement of their products in dynamic modeling of the laminar ECM to accommodate growth and repair. Expression of genes encoding MMP-3, -14, -15, and -16 was similar in the laminae of healthy horses and horses with CHO-induced laminitis up to OG3 lameness, whereas expression of genes encoding MMP-1 and -13 was significantly increased in the laminitic horses; MMP-1 at OG1 and OG3 lameness, and MMP-13 only at OG3 lameness. Despite increase in its expression, MMP-1 is unlikely to contribute to pathologic remodeling of laminar ECM in CHO-induced laminitis because only the inactive form, 52 kDa pro-MMP-1, 19 ,21 was detected in extracts of laminae. In contrast, both pro-(61 kDa) and processed (active propeptide-free; 48 kDa) forms of MMP-13 19, 21 were significantly increased in the laminae of horses with OG3 lameness relative to that in the laminae of healthy horses.
MMP-1 and MMP-13 are known to be produced by activated fibroblasts, epithelial cells and inflammatory leukocytes in other systems. 21 In the laminae of healthy horses and horses with CHO-induced laminitis, MMP-13 was shown to localize predominantly to laminar basal epithelial cells. Thus, increased MMP-13 gene and protein expression join that of ADAMTS-4, 24, 25 However, although laminar inflammation 24, 25 and increased AD-AMTS-4 4,22 gene expression are detected as early as the DEV (fever) stage of CHO-induced laminitis, increased laminar MMP-1 gene expression is first detected at OG1 lameness, whereas that of MMP-13 becomes increased between OG1 and OG3 lameness. Thus, it is unlikely that there is a direct relationship between MMP-13 expression and laminar inflammation.
Laminar basal epithelial cells line the junction of the SEL and SDL where they produce, and attach to, fibrillar proteins of the basement membrane. Secretion of the basement membrane proteins occurs at the apical surface of the basal epithelial cell, and that is also likely to be the case with pro-MMP-13. Secreted pro-MMP-13 is converted to MMP-13 by extracellular removal of its regulatory propeptide. 21 This can be mediated by several proteases including MT1-MMP (MMP-14). 26, 27 Like the other membrane type MMPs, MMP-14 is processed by a furin during intracellular transport, and is placed onto the cell membrane as an active enzyme. The mechanism of MMP-13 activation by MMP-14 is not resolved but is independent of TIMP 2, 27 thus, distinguishing it from activation of MMP-2. MMP-14 has been localized to the laminar basal epithelial cells of the equine digital laminae by immunohistochemistry. 28 Thus, conversion of pro-MMP-13 to MMP-13 may occur at the apical surface of the laminar basal epithelial cells which would result, when the MMP locally is in excess of TIMPs, in cleavage of substrates in the basement membrane (collagen IV and laminin) and the abutting ECM of the SDL (Types I and III collagens, proteoglycans, and fibronectin).
In support of this possibility, basement membrane collagen IV and laminin have been shown to decrease in horses with CHO (oligofructose)-induced lameness 7 ; the expression of genes encoding MMP-1 and MMP-13 is increased in the laminae of these horses by 24 hours after treatment (Pawlak, Pollitt and Black, unpublished data). In addition, Type I collagen is shown here to be substantially redistributed in the SDL of horses with CHO-induced OG3 lameness resulting in the appearance of multiple foci from which the collagen is absent. This is also the case with Type III collagen (Pawlak and Black, unpublished data). In addition, fibronectin was shown here to undergo similar redistribution in the SDL of horses with CHO-induced OG3 lameness, again resulting in the appearance of multiple foci from which the protein is absent. Accompanying immunofluorescent staining of CS and KS glycoaminoglycans in sections of laminae from horses with CHO-induced OG3 lameness, and histochemical (hematoxylin and eosin) staining of cell nuclei and proteinaceous material in the sections also identified multiple foci in the SDL from which these materials were absent. Although general stains for ECM or basement membrane were not used in this study, the presence of foci in the SDL that lack multiple ECM components and occur with increased MMP-13 expression in laminae of horses with CHO-induced OG3 lameness is consistent with ECM degradation by MMP-13, and possibly with resultant focal tearing of affected regions under ambient force. This pathology has not been reported previously. A primary reason that it may have been missed in earlier investigations is that its detection is contingent on using snap-frozen OCT-embedded tissue because paraformaldehyde (PFA)-fixation and paraffin embedding, or PFA-fixation and sucrose impregnation of laminae before sectioning cause the gaps to collapse (Pawlak and Black, unpublished data).
A precise timeline for increased MMP-13 and appearance of putative gaps or tears in the SDL of horses with CHO-induced laminitis is not available. Both were absent at OG1 lameness and present at OG3 lameness. In addition, we have no direct evidence of a causal association between increased MMP-13 production in the laminitic tissue and damage to the SDL. Nevertheless, this is an attractive possibility and worthy of further investigation. 
Footnotes
